Abstract-We show a general concept to structure on the significant improvement of the etching process. The standard silicon wafers with an almost perfect threeformer restrictions will be overcome and the resulting pores dimensional shape, which is versatile, accurate and fast.
Introduction 2 Electrochemical Etching
of polishing and dry etching processes, which limit the number of lattice constants in growth direction. Self-assembly techniques using colloidal spheres, which were sintered in a face centered cubic lattice, combined with an inversion pmcedure allow for almost perfect single crystals of silicon inverted opals on a 100 fim scale [2] . Within their approach it is difficult to introduce defects in a controlled manner and to avoid disorder or stacking faults. Alternative fabrication.
methods for an extended photonic crystal as well as threedimensional structures for other applications are highly desirable. It has been proposed by Leonard [&] that not only the fcc-arrangement of air spheres in silicon possesses a complete photonic bandgap but that also a simple cubic lattice of overlapping air spheres in silicon prohibit light propagation in a frequency range of more than 4%. This report is focussed on the electrochemical fabrication of three-dimensional microstructures with nanometer precision for photonic crystal applications. The manufacturing process is based on the well-established macroporous silicon etching process developed by Lehmann [5] and described in detail in the following section. This method implies certain limitations concerning the pore shape, which inhibit the fabrication of the proposed Leonard-structure [SI. We concentrate 0-7803-8474-1/$20.00004 IEEE An excellent method to structure a whole silicon wafer with an arbitrary -lithographically predefined -arrangement of cylindrical air-pores, called macroporous silicon, was demonstrated by Lehmann [6,  51. The resulting structures act as an ideal model system for two-dimensional photonic crystals over a wide wavelength range of 6 to 1.5 micrometer depending on the lattice constant. This process with all its advantages can be extended to fabricate three-dimensional structures in silicon.
Macroporous silicon is grown in a photo-electrochemical etching process. An n-type (100) oriented silicon wafer is .
prepatterned by standard photolithography. Subsequent alkaline etching forms inverted pyramids acting as initial pores. Under anodic bias and backside illumination the wafer is then etched in hydrofluoric acid. The photo-generated holes diffuse through the whole wafer. The silicon-electrolyte contact reminds of a Schottky-contact, where a space charge region within the silicon evolves. The applied potential enlarges the width of the space-charge region (SCR) in the silicon. The SCR acts on the electronic holes and concentrate them mainly on the pore tips, promotes the dissolution of silicon and results in a pore growth straight along the (100) direction. The effect of the applied voltage for steady-state conditions is found to be negligible. Because a n-type silicon wafer is used, the current-voltage characteristic of the siliconelectrolyte junction depends thus on the backside illumination, which controls the number of minority carriers. The applied voltage and the etch current can be independently chosen. The diameter of the resulting air-pores is approximately proportional to the etch-current and can be varied during the growth by changing the intensity of the applied backside illumination [7] . Modulation of the illumination intensity with a triangular profile lead to a sinusoidal pore diameter variation [14] . With an asymmetric current density profile also a ratchet-type pore shape is possible [ll, 121. However, this process has restricted the resulting pore shapes to smooth sinusoidal or ratchet-type ones with small variations in diam- 
Conclusion
The well-established photo-electrochemical etching process by Lehmann, was significantly improved to allow the manufacturing of perfect three-dimensional microstructures. A simple cubic lattice of overlapping air-spheres results by a homogeneous widening of a strongly modulated samples with sharp edges. Moreover, this process allows a precise control of the resulting shape with a resolution in nanometer range.
Compared to other fabrication of three-dimensional photonic crystals is this concept fast and versatile.
